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Abstract
Background: A growing body of evidence suggests that exposure to toxic metals occurs through diet but few studies have
comprehensively examined dietary sources of exposure in US populations.
Purpose: Our goal was to perform a novel dietary-wide association study (DWAS) to identify specific dietary sources of lead,
cadmium, mercury, and arsenic exposure in US children and adults.
Methods: We combined data from the National Health and Nutrition Examination Survey with data from the US Department
of Agriculture’s Food Intakes Converted to Retail Commodities Database to examine associations between 49 different
foods and environmental metal exposure. Using blood and urinary biomarkers for lead, cadmium, mercury, and arsenic, we
compared sources of dietary exposure among children to that of adults.
Results: Diet accounted for more of the variation in mercury and arsenic than lead and cadmium. For instance we estimate
4.5% of the variation of mercury among children and 10.5% among adults is explained by diet. We identified a previously
unrecognized association between rice consumption and mercury in a US study population – adjusted for other dietary
sources such as seafood, an increase of 10 g/day of rice consumption was associated with a 4.8% (95% CI: 3.6, 5.2) increase
in blood mercury concentration. Associations between diet and metal exposure were similar among children and adults,
and we recapitulated other known dietary sources of exposure.
Conclusion: Utilizing this combination of data sources, this approach has the potential to identify and monitor dietary
sources of metal exposure in the US population.
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Introduction
Human environmental exposure to toxic metals such as lead,
mercury, cadmium, and arsenic is associated with a wide array of
immediate and long-term health effects. Upon exposure, lead,
mercury, and cadmium accumulate in the nervous system, liver,
kidneys, and lead accumulates within calcified tissues including
bone and teeth [1–3]. While arsenic collects in keratin-rich tissues
of the integumentary system [4], it is rapidly excreted by the
urinary system [5].
The primary target organ for lead is the central and peripheral
nervous systems and, as such, exposure is associated with
neuropathies and neurobehavioral effects [6]. Infants and
children, due to more rapid bone growth and differences in
physiology [7], are most vulnerable to the neurotoxic effects of
lead, and exposure is associated with a variety of effects on
cognition and behavior even at low levels of exposure common in
the US and elsewhere [1,8]. Likewise, methyl-mercury (the
predominant form of mercury found in aquatic life [9]) exposure
in animal studies is associated with developmental neurotoxic and
immune-suppressive effects [2]. Cadmium in particular has a long-
half life and is more widely distributed throughout the body but
targets the kidney where cadmium accumulates in the epithelial
cells of the proximal tubule that can result in reabsorption
dysfunction [3,10]. Recent evidence indicates the potential for
adverse health effects from arsenic exposure at the relatively low
exposure levels common to populations worldwide, including an
increased risk of cancer, cardiovascular and respiratory conditions,
and diabetes [11–16].
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The ingestion of contaminated food has become a well-known
source of human exposure to toxic metals [2]. For instance,
consumption of seafood has been associated with exposure to
considerable amounts of methyl-mercury (especially in the
consumption of predatory fish that are higher in the aquatic food
chain [17]) and arsenic in adult populations [18,19]. Second only
to smoking [20], dietary sources are considered the most
significant route of non-occupational cadmium exposure; cereals,
tubers, pulses, and rice are among the most recognized dietary
sources of cadmium [21–23]. Contamination can occur if crops
are grown in tainted soil or treated with metal-contaminated
pesticides [2,24]. For example, arsenic contamination has been
reported in rice, grains, fruits, and juices; presumably from both
naturally occurring arsenic found in soil as well as use of arsenic-
containing pesticides [25–28]. The exact mechanism of crop
contamination differs based on both the specific environmental
metal and crop. For instance, arsenic accumulates in rice [29]
through the silicon transport system [30] because, to the rice plant,
arsenous acid (the major form of arsenic in flooded rice paddies) is
indistinguishable from silicic acid.
Despite considerable interest in identifying dietary sources of
toxic metal exposure, environmental health studies typically
examine only a few dietary sources at one time and broader
approaches rely on less rigorous study designs such as market
basket surveys. To our knowledge previous studies have not
comprehensively examined dietary sources of environmental metal
exposure in a large US study population. Examining associations
between the various foods (particularly specific crops) and human
exposure to metals could not only uncover sources of exposure, but
could also potentially identify protective foods – foods whose
nutritional composition might inhibit absorption of toxic metals.
Following in the footsteps of global investigations of associations
such as genome-wide association studies (GWAS) [31,32] and the
more recent environmental/exposure-wide association studies
(EWAS) [33,34], we examined associations between 49 different
foods and biomarkers of lead, mercury, cadmium, and arsenic
exposure. To do so, we combined data from the National Health
and Nutrition Examination Survey (NHANES) and the US
Department of Agriculture’s Food Intakes Converted to Retail
Commodities Database (FICRCD) [35] that estimates the total
food commodity intake for the individual foods reported by
NHANES. As dietary patterns and metabolism differ according to
age [36], we examined sources of dietary exposure to toxic metals




The NHANES is a nationally-representative, multi-stage
random survey of the non-institutionalized US population that is
conducted by the National Center for Health Statistics that gathers
detailed information on diet and health from in-person interviews.
NHANES study participants also undergo a rigorous clinical
examination that includes the collection of blood and urine
specimens. For this study, we used data from the NHANES
demographics, in-person first day dietary questionnaire, laborato-
ry, physical examination, and health questionnaire files. As our
study used publically available and de-identified data, it was
determined to be exempt from institutional board review by
Dartmouth College’s Committee for the Protection of Human
Subjects.
We analyzed data from all study participants in the 2005–06
and 2007–08 NHANES surveys. During this period, a total of
20,497 individuals participated in the NHANES surveys (Figure 1)
and the unweighted overall response rate was 77.4% and 75.4%
for the 2005–06 and 2007–08 surveys respectively. NHANES
study participants one year and older were eligible for blood lead,
mercury, and cadmium laboratory analysis and approximately
one-third of the participants were randomly selected for urinary
biomarkers. For children (age ,18 years), urinary laboratory
analyses were restricted to ages between 6 to 17 years.
Biomarker measurements
After collection at an NHANES mobile examination site, whole
blood specimens are stored frozen (220uC) and transported to the
National Center for Environmental Health (NCEH) at the Centers
for Disease Control and Prevention for laboratory analysis.
Diluted whole blood cadmium, lead, and mercury concentrations
were determined using a quadruple inductively coupled plasma
dynamic reaction cell mass spectrometry (ICP-DRC-MS) on a
PerkinElmer ELAN DRC series (PerkinElmer Instruments Head-
quarters, Waltham, Massachusetts, USA). This laboratory analysis
is an extension of ICP-MS that utilizes dynamic reaction
technology to minimize argon-based interference. The interassay
coefficient of variation (CV) across lots for blood lead, cadmium,
mercury, and inorganic mercury ranged from 3.4 to 21.4% in the
2005–06 and 2007–08 NHANES surveys. The limit of detection
for the various blood metals ranged from 0.20 to 0.40 mg/L.
For NHANES, urine was collected in containers from
participants and shipped on dry ice (also frozen at 220uC) to
the NCEH. At NCEH, urine samples were stored frozen and
analyzed within three weeks of collection following standardized
protocols. Urinary lead, cadmium, mercury, and total arsenic were
also measured using inductively ICP-DRC-MS on a PerkinElmer
ELAN DRC II or ELAN 6100 DRC Plus (PerkinElmer
Headquarters, Waltham, Massachusetts, USA). Arsenic species
and metabolites [arsenous acid, arsenic acid, monomethylarsonic
acid (MMA), dimethylarsinic acid (DMA), arsenobetaine, and
arsenocholine] were measured using a combination of high
performance liquid chromatography and ICP-DRC-MS on a
PerkinElmer Series 200 Pump and a PerkinElmer ELAN DRC II
respectively (PerkinElmer Headquarters, Waltham, Massachusetts,
USA).
The interassay CV among urinary lead, cadmium, total
mercury, and total arsenic ranged from 2.3 to 19.9% and among
the arsenic species and metabolites between 3.2 to 9.9%. The
detection limit among lead, cadmium, total mercury, and total
arsenic ranged from 0.04 to 0.74 mg/L. The detection limits for
arsenous acid, arsenic acid, MMA, DMA, arsenobetaine, and
arsenocholine were 1.20, 1.00, 0.64, 1.70, 0.40, and 0.59 mg/L
respectively. Urinary concentration of arsenic is regarded as a
valid measure of recent exposure, especially compared to methods
that rely on models of exposure from dietary information [5].
24-hour dietary assessment
The in-person dietary questionnaire of NHANES collects
detailed information on the study participant’s diet for the 24-
hour period proceeding the clinical and biomarker measurements
and is a validated assessment of dietary consumption [37]. During
the physical examination, NHANES participants are asked to
recall everything they ate and drank in the previous day (24 hours)
and trained NHANES personnel use these data to generate
estimates of serving size. For children under the age of 12, the
dietary component is conducted with the assistance of a proxy (i.e.
a parent or other caregiver) and for children between the ages 12
and 17 the survey is administered without the assistance of a
proxy.
Dietary-Wide Association Study
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We used the USDA FICRCD for the corresponding NHANES
years to convert the specific serving sizes reported to be consumed
during the in-person 24-hour recall period into continuous
measures of different food commodities [38]. The FICRCD
provides conversion data to estimate the total content of food
commodities such as tomatoes, beans, rice, beef etc. in each item
with a USDA Food Code reported in NHANES data (e.g., the
amount of beans or rice within a burrito). We estimated the total
amount in grams of the various food servings consumed by each
participant by multiplying the quantity of each food serving
reported to be consumed during the 24-hour recall period by the
FICRCD estimate of content (dry grams of food commodity per
100 grams of food serving) of the USDA Food Code, then
summing across all foods consumed during the 24-hour recall
period (Figure S1). As we were interested in identifying specific
sources of dietary metal exposure we restricted our analyses to
non-aggregate food commodities (i.e. excluded aggregated food
groups such as ‘‘total diary’’ and ‘‘total meat’’ from our analyses).
However, for the food commodity for eggs we combined the two
reported measures ‘‘eggs with shell’’ and ‘‘eggs no shell’’. We
specifically retained separate sources of fruit (e.g. ‘‘apples’’ versus
‘‘apple from juice’’) to examine potential differences in exposure
that may occur from processing. Therefore, our final analyses
consisted of 49 separate foods.
Other data
We also extracted data on sociodemographic characteristics
(age, sex, race/ethnicity, marital status, educational attainment,
and measures of socio-economic status), health status (self-reported
health status and body mass index [BMI]), and information on
other exposures (exposure to cigarette smoke, age of home, and
drinking water source). We estimated the percentages of the
population that were normal weight, overweight, and obese. To do
so, for children we calculated the age- and sex- specific BMI Z-
score using the 2006 growth curves from World Health
Organization [39] for children five years and under. For children
between the ages five and 18, we used the 2000 growth curves
from the US Centers for Disease Control and Prevention [40] to
calculate age- and sex- specific BMI Z-score. Based on the age-
and sex- specific BMI Z-scores, children were classified as either
normal weight (,85th percentile), overweight ($85th to 95th
percentile), or obese ($95th percentile). Adults were also classified
as normal weight, overweight, or obese based on a body mass
index of ,25.0 kg/m2; $25.0 kg/m2 to 30.0 kg/m2; and $
30.0 kg/m2 respectively. We classified race/ethnicity as ‘‘Non-
Hispanic White’’, ‘‘Non-Hispanic Black’’, ‘‘Hispanic or Mexican
American’’ and ‘‘Other, multiple race/ethnicity.’’ As a surrogate
measure of potential occupational exposure to the four metals, we
used self-reported employment status and reported hours working
in the prior week to classify participants as not working (zero
hours), part time (one to 40 hours), and full time (40 hours or
more).
To account for lead exposure by contact with paint containing
lead, we collapsed NHANES participant’s self-reported age of
home into those built prior to and after 1978 (the year lead paint
was banned [41]). Because cigarette smoke is a source of cadmium
Figure 1. Flow diagram of inclusion for study participants and data sources. Abbreviations: NHANES, National Health and Nutrition
Examination Survey; USDA, United States Department of Agriculture.
doi:10.1371/journal.pone.0104768.g001
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and arsenic exposure [42,43], we used serum cotinine to account
for active exposure to cigarette smoke. The NHANES measures
serum cotinine using an isotope-dilution HPLC/atmospheric
pressure chemical ionization mass spectrometry method.
In the US, arsenic exposure through drinking water is primarily
found in private unregulated water systems and lead exposure can
occur through drinking water contact with lead pipes [44].
Therefore we used the reported water consumed in the 24-hour
dietary assessment period and self-reported drinking water source
to create a measure of public (using a community water source)
and private (defined as either a well, spring, or cistern water
source) water consumption measured in grams per day.
In our analyses of urinary biomarkers, we used urinary
creatinine to account for urinary dilution. In the 2005–06
NHANES survey, urinary creatinine was measured on a Beckman
Synchron CX3 clinical analyzer (Beckman Instruments Inc., Brea,
California, USA) using a Jaffe reaction and in the 2007–2008
survey it was measured on a Roche Modular P Chemistry
Analyzer (Roche Diagnostics, Indianapolis, Indiana, USA) using
an enzymatic method. Therefore, we adjusted 2005–06 urinary
creatinine measurements to 2007–08 equivalents using a piecewise
regression supplied by the NHANES [45].
Statistical analyses
Blood mercury level is an estimate of exposure to organic
mercury (approximately 90% of blood mercury is methyl-mercury)
and essentially all mercury in urine is inorganic [19]. We evaluated
organic and inorganic forms of arsenic separately (i.e. blood versus
urinary mercury), due to their differing toxicity [46]. For urinary
arsenic, due to uncertain or negligible health impacts of
arsenobetaine and arsenocholine exposure, we subtracted these
components from the total urinary arsenic concentrations – thus
our final definition of total urinary arsenic included arsenous acid,
arsenic acid, MMA, and DMA [38,47]. For the 56 participants
(1.1% of participants with urinary arsenic assessment) for whom
the combination of arsenobetaine and arsenocholine exceeded the
estimate of total arsenic reported by NHANES (presumably due to
laboratory imprecision) we assigned a total arsenic value of zero.
We used an adjusted R-squared measure as our primary
estimate of the overall contribution of diet to variation in the four
biomarkers. We used several different approaches to examine the
relationship between the reported consumption of specific foods
and biomarker metal concentrations. First, we used Spearman
correlation coefficients to explore relationships between the
different foods and blood and urine biomarker concentrations.
We then used linear models to adjust for confounding factors
including all other foods in our analyses. For interpretation, our
linear models estimate the effect of an increase of 10 grams per day
of the various foods. We log10-transformed all biomarker variables
to improve model fit and help normalize residuals and
exponentiated all coefficients to represent the % change in
biomarker concentration based on an increase of 10 grams per day
for each food. Our linear models were based on complete case
analysis. The analysis of NHANES data typically utilizes complex
survey design methods in order to generate national estimates. As
some of the analytic techniques used in our analyses are not yet
fully developed in complex survey design methods (e.g., adjusted
R-squared) and to maintain internal consistency, none of our
analyses used complex survey methods.
To correct for multiple hypothesis testing across the various
biomarkers for each food, we corrected for the false discovery rate
[48]. For validation of potential associations between foods and
environmental metal exposure, we also constructed a validation
dataset (referred to herein as a validation study population) from
2003–04 NHANES and FICRCD data using the identical
methods to that as our primary analytic dataset.
We used Stata version 13.0 (StatCorp, College Station, Texas,
USA) for the management of NHANES data files and R (R
Foundation for Statistical Computing, Vienna, Austria) for all
statistical analyses.
Results
Characteristics of study participants
In the 2005–06 and 2007–08 NHANES surveys we identified
16,236 study participants (5,863 children and 10,373 adults) with
complete dietary data and either a blood or urinary biomarker for
lead, cadmium, mercury, or arsenic (Figure 1).
Among both children and adults the study population was
approximately evenly distributed by sex. As expected, because
NHANES oversamples minorities, racial/ethnic minorities were
more heavily represented (e.g., 30.6% of children were of Hispanic
or Mexican American background versus 29.1% who were Non-
Hispanic White) in the study population (Table S1). Of the adults
in our study, 46.0% reported not working in the past week,
whereas 17.2% worked between one and 40 hours, and 36.7%
reported 40 or more hours. The majority of study participants had
serum cotinine levels in excess of 0.015 mg/L, and approximately
40% (35.8% of children and 43.3% of adults) were identified as
residing in a house built before 1978. We classified 19.8% of
children and 34.4% of adults as being obese.
Dietary sources of environmental metal exposure
Lead. Diet explained a greater amount of blood lead
variation in children than in adults (2.9% of the variation in
blood lead was explained by diet in children versus 1.6% in adults)
(Table 1). While particularly in children a variety of foods were
associated with blood lead concentration (e.g., for both whole milk
and apple rs = 0.15), consumption of rice among children was
weakly associated with an increase in blood lead concentration in
adjusted models; 10 g/day of dried rice was associated with a
1.6% (95% CI: 0.7, 2.5) increase in blood lead concentration.
However, this association was not observed in our validation study
population. Interestingly, consumption of oat flour was associated
with a lower blood lead concentration in adults (a 10 g/day
increase in oat flour was associated with a 1.8% decrease in blood
lead concentration). Furthermore, an even stronger association (a
3.5% decrease per 10 g/day increase) between oat flour and lower
blood lead concentration in adults was observed in our validation
study population (Figure S2).
Cadmium. Among the four metals we examined, diet
explained the least amount of detectable variation in cadmium
exposure. Diet explained only 1.4% in children and 0.6% in adults
of the variation in blood cadmium concentration (a short term
biomarker) and less than 1.0% of variation in urinary cadmium
concentration (a longer-term exposure biomarker) (Table 1).
Although weak positive associations between cheese, salad &
cooking oils, and some vegetables were associated with blood
cadmium concentration in children and negative associations were
found between foods and blood cadmium levels in adults, few
associations persisted in adjusted models and in our validation
study population (Figure 2 versus Figure 3).
Mercury. We found stronger associations between diet and
blood mercury concentration (a biomarker of primarily organic
mercury) compared to lead and cadmium. Diet accounted for
4.5% of the variation in blood mercury concentration in children
and 10.5% in adults.
Dietary-Wide Association Study
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In unadjusted and adjusted analyses, both seafood and rice
consumption were associated with increases in blood mercury
concentration. In adults, the Spearman correlation coefficient
between fish & seafood and blood mercury concentration was 0.24
and the correlation between rice and blood mercury concentration
was 0.14 (Figure 2). In models adjusted for other dietary sources,
water, and sociodemographic characteristics, an increase of 10 g/
day of rice and seafood consumption was associated with a 4.8%
(95% CI: 3.6, 5.2) and 2.5% (95% CI: 2.2, 2.8) increase in blood
mercury concentration respectively in adults (Figure 3). Both these
associations were reproduced in our validation study population
(Figure S2).
Arsenic. Diet had the strongest relationship to arsenic
exposure among the four different metals we examined, and it
accounted for 8.5% of the variation in total urinary arsenic
(excluding arsenobetaine and arsenocholine) among children and
11.5% among adults (Table 1). When examining specific arsenic
species, diet explained an even greater proportion of the variability
in arsenic exposure (e.g., diet explained 13.7% of the variation in
DMA in adults).
We found particularly strong associations between consumption
of both rice and seafood and urinary arsenic concentration among
both children and adults (Figure 2 and Figure 3). In adults, an
increase of 10 g/day of dried rice was associated with an increase
of 9.6% (95% CI: 8.2, 11.1) increase in total urinary arsenic and
an 8.6% (95% CI: 7.6, 9.6) increase in DMA in adults. Similarly,
an increase of 10 g/day of seafood in adults was associated with an
increase of 3.4% (95% CI: 2.9, 3.9) in total urinary arsenic; similar
associations were found in children as well. Although attenuated,
we also found associations between rice consumption and MMA in
both children and adults. All the associations between both rice
and seafood and urinary arsenic concentration (both total urinary
arsenic and DMA) were reproduced in our validation study
population (Figure S2).
Discussion
To our knowledge, this is the first large-scale DWAS of
environmental exposure to lead, cadmium, mercury, and arsenic.
Using a combination of data from the NHANES and the USDA
FICRCD, we were able to recapitulate known associations
between dietary sources of metal exposure as well as uncover
new potential sources of metal exposure. A particular strength of
our approach to estimating intake of specific food types is the
ability to adjust for other dietary sources to identify independent
associations.
There is considerable interest in examining associations across
many environmental factors including the contribution of diet and
nutrient intake to human disease. Previous investigations have
used NHANES data to perform nutrient-wide association studies
(NWAS) and have examined associations between a wide array of
nutrients and serum lipid levels [49] and blood pressure [50].
These studies are particularly well suited to disentangle biological
underpinnings of disease (i.e. how different nutrients may affect
health states); however, the strength of our approach lies in the
ability to identify sources of metal exposure from specific foods. Up
to this point, quantifying patterns of dietary consumption has been
a challenge among researchers. While our analyses focused on
identify sources of environmental metal exposure, combining
NHANES and FICRCD data would also allow researchers the
ability to explore associations between specific dietary profiles and
health outcomes. Furthermore, because FICRCD data include
information for a wide variety of foods, it may reduce bias in
estimated associations by taking into account all dietary sources in













Lead 0.17 0.20 2.9% 0.37 0.39 1.6%
Cadmium 0.36 0.38 1.4% 0.35 0.36 0.6%
Mercury 0.02 0.06 4.5% 0.04 0.14 10.5%
Urined
Lead 0.34 0.35 0.5% 0.43 0.44 1.3%
Cadmium 0.41 0.41 20.2% 0.51 0.51 0.3%
Mercury 0.17 0.16 0.0% 0.24 0.27 2.5%
Total arsenice 0.31 0.39 8.5% 0.32 0.43 11.5%
Arsenobetaine 0.01 0.16 14.8% 0.04 0.17 12.8%
DMA 0.29 0.40 11.5% 0.31 0.45 13.7%
MMA 0.20 0.23 2.6% 0.20 0.26 5.4%
Abbreviations: DMA, dimethylarsinic acid; MMA, monomethylarsonic acid.
a: base model covariates include age (continuous, years), sex, body mass index (continuous, for children Z-score and kg/m2 for adults), serum cotinine (continuous, mg/
L), and age of home (built before 1978 versus after 1978).
b: further adjusted for employment status (not working versus part- or full-time).
c: dietary data includes the 49 foods and water variables as independent variables (10 g/day).
d: further adjusted for urinary creatinine (continuous, mg/dL) to account for urinary dilution.
e: excludes arsenobetaine and arsenocholine.
doi:10.1371/journal.pone.0104768.t001
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Figure 2. Spearman correlation coefficients between grams of food per day and lead cadmium, mercury, and arsenic biomarker
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Figure 3. Percent change in lead, cadmium, mercury, and arsenic biomarker concentrations based on an increase of 10 grams of
food per day among children versus adults. All models adjusted for age (continuous, years), sex, body mass index (continuous, Z-score for
children and kg/m2 for adults), serum cotinine (continuous, mg/L), and age of home (built before 1978 versus after 1978) and all other dietary sources
in table (continuous, 10 g/day). Urinary biomarker models further adjusted for urinary creatinine (continuous, mg/dL) to account for urinary dilution
and models restricted to adults also adjusted for employment status (not working versus full- or part-time). Abbreviations: DMA, dimethylarsinic acid;
MMA, monomethylarsonic acid; FDR, false discovery rate.
doi:10.1371/journal.pone.0104768.g003
Dietary-Wide Association Study
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statistical models. Lastly, our study begins to fill a gap in
understanding the connection between environmental and internal
measures of exposure.
As previously demonstrated in US populations, we found
relationships between rice and seafood consumption with arsenic
exposure [18,38,47,51] and determined that dietary patterns of
metal exposure were similar between children and adults. Overall,
we identified specific dietary sources of arsenic, mercury, and lead
and detected a relative paucity of dietary exposure to cadmium in
this study population. Because of the richness of the dietary data,
we also uncovered potentially new dietary associations with metal
exposures in this US population. In adjusted models, and validated
in an independent study population, we found that rice
consumption was associated with mercury exposure adults. This
finding has particular relevance to future US safe food practices
and may warrant further investigation. Previous studies have
examined contaminated rice in China. In these studies, while most
rice samples were below maximum allowable concentrations for
toxic metals – estimates of lead for children and mercury for adults
exceeded safe limits in some locales [52–55]. Interestingly, we also
found evidence in our primary and validation study populations
that certain foods may reduce exposure to toxic metals. For
example, we found inverse associations between blood lead and
oat flour suggesting that these foods (potentially due to their
nutritional properties) may interfere with lead absorption.
Limitations
Our study has several limitations that must be acknowledged.
First, our estimates of food consumption are based on self-report
and therefore may be subject to misclassification. Despite the
NHANES being known as reliable source of dietary data [37], due
to measurement error our results are more likely biased towards
the null. Second, as we did not apply the NHANES complex
survey design methods to our analyses, our results are not
necessarily generalizable to the entire US population. The
NHANES sampling frame is the non-institutionalized population
(i.e. excludes those in the military, nursing homes, etc.) and over
samples minorities, thus our results should not be interpreted as
representing the entire US population. However, while our
estimates may not reflect the US, considering the more diverse
sample, over-representation of minority groups may also be
considered a strength. Third, because of wide variation in food
growing practices and geology (e.g., there exists wide variation in
arsenic concentration in rice due to both cultivation and species
[56]), we are not able to draw conclusions regarding the specific
amount of lead, cadmium, mercury, and arsenic exposure from
the foods we examined.
Nonetheless, using a novel combination of data sources and
methods from both informatics and epidemiology, we were able to
observe known associations and identify potential new associations
in a large US study population. This study provides an important
demonstration of a DWAS of environmental metal exposures.
Supporting Information
Figure S1 National Health and Nutrition Examination
Survey (2005–06 and 2007–08 surveys) first day dietary
recall data converted to food commodities according to
study participant sequence number.
(CSV)
Figure S2 Percent change in lead, cadmium, mercury,
and arsenic biomarker concentrations based on an
increase of 10 grams of food per day among children
versus adults in validation study population. All models
adjusted for age (continuous, years), sex, body mass index
(continuous, Z-score for children and kg/m2 for adults), serum
cotinine (continuous, mg/L), and age of home (built before 1978
versus after 1978) and all other dietary sources in table
(continuous, 10 g/day). Urinary biomarker models further adjust-
ed for urinary creatinine (continuous, mg/dL) to account for
urinary dilution and models restricted to adults also adjusted for
employment status (not working versus full- or part-time).
Abbreviations: DMA, dimethylarsinic acid; MMA, monomethy-
larsonic acid; FDR, false discovery rate.
(TIFF)




Conceived and designed the experiments: MAD MRK JHM SMW HRF.
Analyzed the data: MAD JHM HRF. Wrote the paper: MAD DGD MRK
ZL JHM SMW HRF.
References
1. Barbosa F Jr, Tanus-Santos JE, Gerlach RF, Parsons PJ (2005) A critical review
of biomarkers used for monitoring human exposure to lead: advantages,
limitations, and future needs. Environ Health Perspect 113: 1669–1674.
2. Borchers A, Teuber SS, Keen CL, Gershwin ME (2010) Food safety. Clin Rev
Allergy Immunol 39: 95–141.
3. Prozialeck WC, Edwards JR (2010) Early biomarkers of cadmium exposure and
nephrotoxicity. Biometals 23: 793–809.
4. Slotnick MJ, Nriagu JO (2006) Validity of human nails as a biomarker of arsenic
and selenium exposure: A review. Environ Res 102: 125–139.
5. Orloff K, Mistry K, Metcalf S (2009) Biomonitoring for environmental
exposures to arsenic. J Toxicol Environ Health B Crit Rev 12: 509–524.
6. Gidlow DA (2004) Lead toxicity. Occup Med (Lond) 54: 76–81.
7. Barry PS (1981) Concentrations of lead in the tissues of children. Br J Ind Med
38: 61–71.
8. Gulson BL, Mizon KJ, Korsch MJ, Howarth D, Phillips A, et al. (1996) Impact
on blood lead in children and adults following relocation from their source of
exposure and contribution of skeletal tissue to blood lead. Bull Environ Contam
Toxicol 56: 543–550.
9. Lindberg A, Bjornberg KA, Vahter M, Berglund M (2004) Exposure to
methylmercury in non-fish-eating people in Sweden. Environ Res 96: 28–33.
10. Jarup L, Akesson A (2009) Current status of cadmium as an environmental
health problem. Toxicol Appl Pharmacol 238: 201–208.
11. Karagas MR, Stukel TA, Morris JS, Tosteson TD, Weiss JE, et al. (2001) Skin
cancer risk in relation to toenail arsenic concentrations in a US population-based
case-control study. Am J Epidemiol 153: 559–565.
12. Karagas MR, Tosteson TD, Morris JS, Demidenko E, Mott LA, et al. (2004)
Incidence of transitional cell carcinoma of the bladder and arsenic exposure in
New Hampshire. Cancer Causes Control 15: 465–472.
13. Amaral AF, Porta M, Silverman DT, Milne RL, Kogevinas M, et al. (2011)
Pancreatic cancer risk and levels of trace elements. Gut 61: 1583–1588.
14. Leonardi G, Vahter M, Clemens F, Goessler W, Gurzau E, et al. (2012)
Inorganic arsenic and basal cell carcinoma in areas of Hungary, Romania, and
Slovakia: A case-control study. Environ Health Perspect 120: 721–726.
15. Sohel N, Persson LA, Rahman M, Streatfield PK, Yunus M, et al. (2009) Arsenic
in drinking water and adult mortality: A population-based cohort study in rural
Bangladesh. Epidemiology 20: 824–830.
16. International Agency for Research on Cancer (2004) Some Drinking Water
Disinfectants and Contaminants, Including Arsenic. Lyon, France. Available
online: http://monographs.iarc.fr/ENG/Monographs/vol84/volume84.pdf
17. Grandjean P, Weihe P, White RF, Debes F, Araki S, et al. (1997) Cognitive
deficit in 7-year-old children with prenatal exposure to methylmercury.
Neurotoxicol Teratol 19: 417–428.
18. Navas-Acien A, Francesconi KA, Silbergeld EK, Guallar E (2011) Seafood
intake and urine concentrations of total arsenic, dimethylarsinate and
arsenobetaine in the US population. Environ Res 111: 110–118.
19. Berglund M, Lind B, Bjornberg KA, Palm B, Einarsson O, et al. (2005) Inter-
individual variations of human mercury exposure biomarkers: A cross-sectional
assessment. Environ Health 4: 20.
20. Cho YA, Kim J, Woo HD, Kang M (2013) Dietary cadmium intake and the risk
of cancer: A meta-analysis. PLoS One 8: e75087.
Dietary-Wide Association Study
PLOS ONE | www.plosone.org 8 September 2014 | Volume 9 | Issue 9 | e104768
21. Llobet JM, Falco G, Casas C, Teixido A, Domingo JL (2003) Concentrations of
arsenic, cadmium, mercury, and lead in common foods and estimated daily
intake by children, adolescents, adults, and seniors of Catalonia, Spain. J Agric
Food Chem 51: 838–842.
22. Watanabe T, Shimbo S, Nakatsuka H, Koizumi A, Higashikawa K, et al. (2004)
Gender-related difference, geographical variation and time trend in dietary
cadmium intake in Japan. Sci Total Environ 329: 17–27.
23. Satarug S, Garrett SH, Sens MA, Sens DA (2010) Cadmium, environmental
exposure, and health outcomes. Environ Health Perspect 118: 182–190.
24. Islam E, Yang XE, He ZL, Mahmood Q (2007) Assessing potential dietary
toxicity of heavy metals in selected vegetables and food crops. J Zhejiang Univ
Sci B 8: 1–13.
25. Xue J, Zartarian V, Wang SW, Liu SV, Georgopoulos P (2010) Probabilistic
Modeling of Dietary Arsenic Exposure and Dose and Evaluation with 2003–
2004 NHANES Data. Environ Health Perspect 118: 345–350.
26. Yost IJ, Tao S-H, Egan SK, Barraj LM, Smith KM, et al. (2004) Estimation of
dietary intake of inorganic arsenic in US children. Hum Ecol Risk Assess 10:
473–483.
27. Meacher DM, Menzel DB, Dillencourt MD, Bic LF, Schoof RA, et al. (2002)
Estimation of multimedia inorganic arsenic intake in the US population. Hum
Ecol Risk Assess 8: 1697–1721.
28. European Food Safety Authority (2009) Panel on Contaminants in the Food
Chain (CONTAM): Scientific Opinion on Arsenic in Food. Available online:
http://www.efsa.europa.eu/en/efsajournal/pub/1351.htm
29. Mitani N, Chiba Y, Yamaji N, Ma JF (2009) Identification and characterization
of maize and barley Lsi2-like silicon efflux transporters reveals a distinct silicon
uptake system from that in rice. Plant Cell 21: 2133–2142.
30. Ma JF, Yamaji N, Mitani N, Xu XY, Su YH, et al. (2008) Transporters of
arsenite in rice and their role in arsenic accumulation in rice grain. Proc Natl
Acad Sci U S A 105: 9931–9935.
31. Welcome Trust Case Control Consortium (2007) Genome-wide association
study of 14,000 cases of seven common diseases and 3,000 shared controls.
Nature 447: 661–678.
32. Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM, et al. (2005)
Complement factor H variant increases the risk of age-related macular
degeneration. Science 308: 419–421.
33. Lioy PJ, Rappaport SM (2011) Exposure science and the exposome: An
opportunity for coherence in the environmental health sciences. Environ Health
Perspect 119: A466–467.
34. Patel CJ, Bhattacharya J, Butte AJ (2010) An Environment-Wide Association
Study (EWAS) on type 2 diabetes mellitus. PLoS One 5: e10746.
35. United States Department of Agriculture. Food Intakes Converted to Retail
Commodities. Available: http://www.ars.usda.gov/Services/docs.htm?docid =
21993.
36. Drewnowski A, Rehm CD (2013) Energy intakes of US children and adults by
food purchase location and by specific food source. Nutr J 12: 59.
37. Moshfegh AJ, Rhodes DG, Baer DJ, Murayi T, Clemens JC, et al. (2008) The
US Department of Agriculture automated multiple-pass method reduces bias in
the collection of energy intakes. Am J Clin Nutr 88: 324–332.
38. Davis MA, Mackenzie TA, Cottingham KL, Gilbert-Diamond D, Punshon T, et
al. (2012) Rice consumption and urinary arsenic concentrations in U.S. children.
Environ Health Perspect 120: 1418–1424.
39. The World Health Organization 2006 Child Growth Standards (2013)
Available: http://www.who.int/childgrowth/en/
40. Centers for Disease Control and Prevention, 2000 Growth Charts (2010)
Available: http://www.cdc.gov/growthcharts/cdc_charts.htm
41. Wakefield J (2002) The lead effect? Environ Health Perspect 110: A574–580.
42. Chen CL, Hsu LI, Chiou HY, Hsueh YM, Chen SY, et al. (2004) Ingested
arsenic, cigarette smoking, and lung cancer risk: A follow-up study in arseniasis-
endemic areas in Taiwan. JAMA 292: 2984–2990.
43. Adams SV, Newcomb PA (2014) Cadmium blood and urine concentrations as
measures of exposure: NHANES 1999–2010. J Expo Sci Environ Epidemiol 24:
163–170.
44. Nathan VR (2006) Drinking water in Michigan: source, quality, and
contaminants. J Water Health 4 Suppl 1: 67–73.
45. National Health and Nutrition Examination Survey. 2007–2008 Data
Documentation, Codebook, and Frequencies: Urinary Albumin and Urinary
Creatinine. Available: http://www.cdc.gov/nchs/nhanes/nhanes2007-2008/
ALB_CR_E.htm
46. Meharg AA, Lombi E, Williams PN, Scheckel KG, Feldmann J, et al. (2008)
Speciation and localization of arsenic in white and brown rice grains. Environ
Sci Technol 42: 1051–1057.
47. Gilbert-Diamond D, Cottingham KL, Gruber JF, Punshon T, Sayarath V, et al.
(2011) Rice consumption contributes to arsenic exposure in US women. Proc
Natl Acad Sci U S A 108: 20656–20660.
48. Benjamini Y, Hochberg Y (1995) Controlling for false discovery rate: A practical
and powerful approach to multiple testing. J R Stat Soc Series B 57: 289–300.
49. Patel CJ, Cullen MR, Ioannidis JP, Butte AJ (2012) Systematic evaluation of
environmental factors: Persistent pollutants and nutrients correlated with serum
lipid levels. Int J Epidemiol 41: 828–843.
50. Tzoulaki I, Patel CJ, Okamura T, Chan Q, Brown IJ, et al. (2012) A nutrient-
wide association study on blood pressure. Circulation 126: 2456–2464.
51. Gamble MV, Liu X, Slavkovich V, Pilsner JR, Ilievski V, et al. (2007) Folic acid
supplementation lowers blood arsenic. Am J Clin Nutr 86: 1202–1209.
52. Fang Y, Sun X, Yang W, Ma N, Xin Z, et al. (2014) Concentrations and health
risks of lead, cadmium, arsenic, and mercury in rice and edible mushrooms in
China. Food Chem 147: 147–151.
53. Huang Z, Pan XD, Wu PG, Han JL, Chen Q (2013) Health risk assessment of
heavy metals in rice to the population in Zhejiang, China. PLoS One 8: e75007.
54. Rothenberg SE, Yu X, Zhang Y (2013) Prenatal methylmercury exposure
through maternal rice ingestion: Insights from a feasibility pilot in Guizhou
Province, China. Environ Pollut 180: 291–298.
55. Gilbert-Diamond D, Li Z, Perry AE, Spencer SK, Gandolfi AJ, et al. (2013) A
population-based case-control study of urinary arsenic species and squamous cell
carcinoma in New Hampshire, USA. Environ Health Perspect 121: 1154–1160.
56. Batista BL, Souza JM, De Souza SS, Barbosa F Jr. (2011) Speciation of arsenic
in rice and estimation of daily intake of different arsenic species by Brazilians
through rice consumption. J Hazard Mater 191: 342–348.
Dietary-Wide Association Study
PLOS ONE | www.plosone.org 9 September 2014 | Volume 9 | Issue 9 | e104768
